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Preface 


The NASA Office of Aeronautics and Space Technology (OAST) has established the 
goal of providing a technology base so that NASA can accomplisli future missions with 
a several'orders'of-magnitude increase in mission effectiveness at reduced cost. To realize 
this goal, a higiily focused program must be established advancing technologies that 
promise substantial increases in capability and/oi substantial cost savings. The Study 
Group on Machine Intelligence and Robotics was establislied to assist NASA technology 
program planners to determine the potential in these areas. Thus, the Study Group had 
the following objectives: 

(1) To identify opportunities for the application of machine 
intelligence und robotics in NASA missions and systems. 

(2) To estimate the benefits of successful adoption of machine 
intelligence and robotics techniques and to prepare forecasts 
of their growth potential. 

(3) To recommend program options for research, advanced devel- 
opment, and implement; ;ion of machine intelligence and 
robot technology for use in program planning. 

(4) To broaden communication among NAS.A Centers and uni- 
versities and other research organizations currently engaged in 
machine intelligence and robotics research. 
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Section I 
Introdur^tlon 


The NASA Study Croup on Machine Intelligence and 
Rohotici including many ol the leading researchers and almost 
all of the leading research groups in the fields of artificial 
intelligence, computer science, and autonomous systems in 
the United States, met to study the influence of these subjects 
on the full range of NASA activities and to make recommenda- 
tions on how these subjects might in the future assist NASA in 
its mission. The Study Group, chaired by Carl Sagan, was 
organized by Ewald lleer, JPL, at the request of Stanley Sadin 
of NASA Headquarters. It included NASA personnel, scientists 
who have worked on previous NASA missions, and experts on 
computer science who had little or no prior contact with 
NASA. The Croup devoted about 2500 man-hours to this 
study, meeting as a full working group or as subcommittees 
between June 1977 and December 1978. 

A number cf NASA Centers and facilities were visited 
during the study. In all cases, vigorous support was offered for 
accelerated development and use of machine intelligence in 
NASA systems, with particularly firm backing offered by the 
Director of the Joiuuon Spaceflight Center, wliich we con- 


sider especially significant because of JSC's central role in the 
development of manned spaceflight. 

Tins report includes the conclusions and recommendations 
of the Study Group. A complete report with supporting docu- 
mentation will be published separately. The conclusions 
represent a group consensus, although occasionally there were 
dissenting opinions on Individual conclusions or recommenda- 
tions. ^^'hlle the report is critical of past NASA efforts in this 
field - and most often of the lack of such efforts - the cri- 
ticisms are intended only as constructive. The problem is 
government-wide, as the Federal Data Processing Reorgani- 
zation Project' has stressed, and NASA has probably been 
one of the least recalcitrant Federal agencies in accom- 
modating to this new technology. 

The Study Group believes that the effective utilization of 
existing opportunities in computer science, machine intelli- 
gence, and robotics, and their applications to NASA-specific 
problems will enhance significantly the cost-effectiveness and 
total information return from future NAS/, activities. 


Section II 
NASA Needs 


NASA is, to a significant degree, an agency devoted to ihe 
acquisition, processing, and analysis of information - about 
the Farth, the solar system, the stars, and the universe. The 
principal goal of NAS.X's booster and space vehicle commit- 
ment is to acquire such scientific information for the benefit 
of the human species. As the years have passed and NASA has 
mustered an impressive array of successful missions, the com- 
plexity of each mission has increased as the instrument.->t'on 
anil scientific objectives have become more sophisticated; and 
the amount of data returned has also increased dramatically. 
The Manner 4 mission to Mars in 1965 was considered a strik- 
ing success when it returned a few million bits of information. 
The Viking mission to .Mars, launched a decade later, acquired 
almost ten thousand times more information. Comparable 


advances have been made in Earth resources and meteoro- 
logical satellites, and across the full range of NASA activi.ies. 
At the present time, the amount of data made available by 
NASA missions is larger than scientists can comfortably sift 
through. This is true, for example, of Landsat and other Earth 
resources technology' satellite missions. A typical information 
acquisition rate in the 1980s is about lO'^ bits per day for all 
NASA systems. In two years, this is roughly the total non- 
pictorial information content of the Library of Congress. Tlie 


'U.S. Office of Management and Budget. Federal Data hucessing 
Reorganization Study, Available from National Technical Information 
Service, Washington, D.C. 
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prolticii) It clearly (Kiting much laorM. We have reached a 
aeverc limiUDun in the tradiliunal way of acquiring and 
analyzing data. 


A recent study at JI*L estimates that NASA could uve 
I S billion dollars per year by 2000 A.D. through serious 
implementation of machine intelligence. Given different 
assuni|>tiuns, the saving might be several limes less or several 
limes more. It is clear, however, that the efficiency of NASA 
activities in bits of information per dollar and in new data 
acquisition opportunities would be very high were NASA to 
utilize the full range of modern computer science in its mis- 
sions. Because of the enormous current and expected advances 
in machine intelligence and computer science, it seems possible 
that NASA could achieve orders-of-rnagnitude improvement in 
mission effectiveness at reduced cost by the W90S. 


Modern computer systems, if appropriately adapted, are 
expected to be fully capable of extracting relevant data cither 
on board the spacecraft or on the ground in user-compatible 
format. Thus, the desired output might be a direct graphic 
display of snow cover, or crop health, or global albedo, or 
mmeral resources, or storm system development, or hydro- 
logic cycle. With machine intelligence and modern computer 
graphics, an immense amount of data can be analyzed ar.d 
reduced to present the scieniific or technological results 
directly in a convenient form. This sort of data-winnowing 
and content analysis is becoming possible, using the develop- 
ing techniques of machine intelligence. But it is likely to 
remain unavailable unless considerably more relevant research 
and systems development is undertaken by NASA. 


Tlie cost of ground operations of spacecraft missions and 
the number ot operations per command uplinked from ground 
to spacecraft are increasing dramatically (Figures 2-1 and 2-2). 
Further development of automation can, at the same time, 
dramatically decrease the operations costs of complex missions 
and dramatically increase the number and kinds of tasks per- 
formed. and therefore, the significance of the data returned. 
Figures 2-3 and 2-4 illustrate schematically how improvid 
automation can produce a significant decline in the cost of 
mission operations. Tlie projected reallocation of responsibility 
during mission operations between ground-based humans and 
spacecraft computer processing is shown in Figure 2-5 There 
aie many simple or repetitive tasks which existing machine 


intelligence technology is fully capable of dealing with more 
reliably and less expensively than if human beings were in the 
loop. This, in turn, frees human experts fur more difficult 
judgmental tasks. In addition, existing and projected advances 
in robot technology would largely supplant the need for 
manned missions, with a substential reduction in cost. 



Figure 2-1. Trend of m.ttion ground operations cocU. Increasing 
mission complexity end duration contribute to the 
ground operation costs. 



YU« 

Figure 2-2. Trend of srsececraft automation. As a relative indicator, 
the level of automation it measured by the different 
alamantary functions the spacecraft can perform in an 
unpredictable environment between grouruf commands. 
A 100'fold improvement through edvarKed automation 
>t projected by the year 2000. 
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Figur* 2-3, Trand of cmi to gwitrai* •round comm«ndt. A four fold 
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by tha yaar 2000 for axacuting a typical miaaion 
oparation. 
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Figura 2-B. Trand of function Idaciaionl allocation batwaan humans 
and apacacraft. For the aama typical oparation, tha 
maehina takas ovar an incraaaing numbar of alamantary 
functions, laaving high-laval daciaiona to human bainga. 


3 




7 30-51 


Section III 

Technological Opportunities 


Mjchine inlelligonce and roboMct are not only relevant but 
etvi-iiiial to the entire range of future r<^SA activities. Content 
analykis of l.artli orbital and planetary spacecraft results is 
merely one application. Other applications ex 't: in mission 
opciations, in spacccr/ft crisis management, in large construc- 
tions in Fartli orbit or on the Muon, and in mining in the lunar 
or asieroidal environments. These last applications are proba- 
bly at least a decade into the future, but some eu<«ntial prepa- 
rations for them would seem prudent. These preparations 
might include the development of teleoperaiors, manipulative 
devices which are connected via a radio feedback loop with a 
human being, so that, for example, when the human on the 
Farth stretches out his hand, the mechanical hand of the 
teleopcraior in Earth orbit extends likewise: or when the 
human turns his head to the left, the teleoperator's cameras 
turn to the left so that the human controller can see the 
corresponding Held of view. Where the ligiit travel limes are on 
the Older of a tenth of a second or less, the leleoperator mode 
can work readily. Fur repetitive operations, such as girder 
construction and quality control in large space structures, 
automation and machine intelligence will play a major rule in 
any efficient and cost-effective design. 

In planetary exploration in the outer solai system, the 
light-travel limes range from lens of minutes to ni iny hours. 
As a result, it is often useless for a spacecraft in trouble to 
radio the Earth for insl'uclions. In many cases, the instruc- 
tions will have arrived too late to avoid catastrophe. Thus, the 
Viking spacecraft during entry had to be able to monitor and 
adjust angle of attack, atmospheric drag, parachute deploy- 
ment. and retro-rocket firing. Roving vehicles on .Mars, Titan, 
and the Galilean satellites of Jupiter will have to know how to 
avoid obstacles during terrain traverses and how not to fall 
down crevasses. The development of modern scientific space- 
craft neressarily involves pushing back the frontiers of ma- 
chine intelligence. 

In our opinion, machine intelligence and robotics is one of 
the few areas where spinoff justifications for NAS.\ activities 
arc valid. In most such arguments, socially useful applica- 
tions. such as cardiac pacemakers, arc used to justify very 
large NASA expenditures directed toward quite difft'ciu 
objectives. Hut it is easy to see that the direct development o! 
the application, in this case the pacemaker, could have been 
acctiinplishcd at a tiny fraction of the cost of the activity 
which it is used to justify - the Apollo program, say. How- 
ever. because there is so little development in machine intelli- 


gence and robotics elsewhere in the government (or in the 
private sector), spmoff arguments fur NASA involvement in 
such activities seem to have some substantial validiiy. In the 
long leim, practical terrestrial apphcaiions might include 
undersea mineral pros[)eciirig and mining, conventional mining 
(of coal, fur example), automated assembly of devices, micro- 
surgery and robotics prosthetic devices, the safe operation of 
nuclear power plants’ or other industries which have side 
effects potentiall) dangerous for human health, and household 
robots A further discussion of fulure .NASA applications o( 
machine intelligence and robotics, and possible spinoff of 
‘.hese activities, is given in the supporiing documentation. 

With the development of integrated circuits, microprocessors 
and silicon chip technology , the capabilities of computers have 
been growing at an astonishing rate. Figutes 3-1 through 3-4 
provide an estimate of recent past and projected future devel- 
opments. By such criteria as memory storage, power effi- 
ciency. si/e and cost, the figures of merit of computer systems 
have been doubling approximately every year. This implies a 
thousand-fold improvement in a decade. In another decade 
the processor and memory (four million words) of the IBM 
370/168 will probably be housable in a cube about five centi- 
meters on a side (although computet architecture different 


’ \n Inieresiin^ puiohle application of general purpote tuboiics tech- 
nulog) It provKJrd b> the nuclear accident at the three Mile Itland 
'caclor facility near llarrithuri;. I’cnntyKania in March, April l‘r79, 
T ie buildup of a hiph pretture tritium bubble had at t>ne poitible 
tulutic'n the turnini; of a vabe in a chaniK-r under two meters of water 
impres'naicd with very high radiation fluxes. Tint it an extremely 
difficult environment for humani, but a plausible one tor advanced 
multi-pu'pose robntt. The stationing of such robots as safety devices 
in nucl.-ar power planti is one conceivable objectl.e ol the devel.in 
meni of robotics technology, Oenerally, such mulii-purpose robcit 
night be stationed in all appropriate industrial facilities where '-igr„- 
ficant ha/xrdt to employee or public hcaltii or to the laciil.y itself 
exists. 

Shortly after the Three Mile Itland reactoi acciden* me operating 
company be;, n recruiting "jumpers," individu-ls of short stature 
willing, for comparatively high wages, to vib.ee’ uirmselvet to high 
radiation doves thoi-;ht inappropriate for nerman'-nt reactor tech- 
nicians t.Vew yprl fimes. July 16. 1979 page 1 1 . ine functions arc 
often no more difficult than turning a b-.lt. bv in a radiation environ- 
inent of lens of rems per hour. Tfei* would appe.ir to be strong 
humanitarian reasons for cn, ploying small multi-purpose sclf-propcIlcd 
robots for this function, ai »ei: as l-. redesign nuclear possc-r plants to 
make much fuller use of the jpabililies of machine intelligence. Ihc 
competent use of machine ir.tlligence and robotics is an important 
component of all recently proposed additional energy sources - for 
example, mining and pro.cssing sh.l; and coal. 
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lioni ilul of ihe IBM 370/I6H will probably be cuiitidcred 
iU'\iiihlc). It u diffcult tu think of another area of recent 
tCkhnoloiry which has undergone so many spectacular impruve- 
iiiciiis in so short a pciiod of time. 

This sleep rale of change in computer technology it one 
major factor in the obsolescence of NASA computer systems. 
Nev> systems are being developed so fast that project scientists 
ami engineers, mission direciort, and other NASA officials 
h.'.ve difficulty discovering what the latest advances are, much 
less incorporating them into spacecraft misslon or ground* 
operations design. 

Another problem it the competition between thort*ierm 
and long term objectives in the light of the NASA budget 
cycle. Major funding it given for specific missions. Tliere it a 
high premium on the success of individual missions. The safest 
course always seems to be to use a computer system which 
hat already been tested successfully in tome previous mission. 
But most missions have five* to ten*year lead times. The net 
result is that the same obsolete systems may be flown for a 
decade or more. This trend can be seen in areas other than 
computer technology, at, for example, in the NASA reliance 
in lunar and planetary exploration for IS years on vidicon 
technology, well into a period when commercial manufac* 
turert were no longer producing the vidicon systems and 
NASA was relying on previously stockpiled devices. 'iBis has 
been the case since 1962. Only with the Galileo mission, in 
1984, will more advanced and photometrically accurate 
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Fifuri 3-2. Active devices technology. The numbe; of active 
components per cubic centimeter Is doubling every 
1*1/t years, whereas the average cost par log:c gate 
Is helving every 2*1/3 years. 


10 ' 




10 


1 10^1 

2 


lO'h 




/DISK AND 
■ TA« STOHAOt/ 


/lAin Af^bv 
i ofTicAi ; 
'>iTos*or ' 


V 


biti/ei" 


10 


10 


-2 




l?W 


Figure 3-1. Dele storage technology. The storage capacity 
it doubling every 1*1/2 years, whereas the cost 
of random access memory is helving every 
2*1/2 years. In 1960, the equivalent of 
1 m^ stored a ISiiaga pamphlet; in 1980, the 
same space will accommodate a 2000*book 
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chirged-cojpled device syvteim be employed. The problem ii 
much more levere when it applies to a field undergoing such 
dramatic advances as computer technology. The management 
dynamics can be understood, but it It nevertheless distressing 


lo discover that an agency at dependent on high technology as 
NASA, an organiaatum identified in ihe public eye with effec* 
live use of computer technology, has been to sluggish in adopt- 
ing advances made mure than a decade earlier, and even 
slower in promoting or encouraging new advances in robotics 
and machine intelligence. 

The general technological practice of adopting for long 
periods of time the firtt system which works at all rather than 
developing (he optimal, mutt cost-effeciive system has been 
amply documented.* This phenomenon is by no means 
restricted to NASA. The need to handle radioactive substances 
led many years ago to the development of rudimentary tele- 
operators. At first progress was rapid, with force reflecting, 
twu-flngered models appearing in the eaily 1950s. But this 
development all but stopped when progress was sufficient to 
make the handling of radioactive materials possible - rather 
than easy, or economical, or completely safe. This occurred in 
part because the nuclear industry, like NASA, became 
mission -oriented at this time. Since then, the development of 
computer-controlled manipulators has proceeded slowly on 
relatively sparse funding, and there has been little drive to 
understand in a general and scientific way the n>.ture of 
manipulation. Major advances seem similai-/ .islled and like- 
wise entirely feasible in such areas as locomotion /esearch, 
automated assembly, self-programming, obstacle avoidance 
during planetary landfall, and the development of spacecraft 
crisis analysis systems. 


* Simon. Herbert, A., The Sew Si lence of .Uanatemeni Deciilon, 
Prentice Hall, Inc , 1977. 
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Section IV 

Conclusions and Recommendations 


S\c bvlicve Out NASA khoutj intuiulf a vigotout and long* 
range progiain lu ineurpoiaK and keep pace with ttate-ul-the* 
ait developments in computer techntdogy, both in its space- 
boiiie and Its ground-based computer systems; and to ensure 
that advances, tailored to NASA's mission, continue to be 
made in machine inielligence and robotics. Such advances will 
not iKcur of their own accord. Many NASA requirements in 
computer architecture and subsystem design will in lum have a 
stimulating effect on the American computer and micropio- 
cessor industry, which new faces an extremely strong chal- 
lenge by lureiitn competition. We believe that an agency such 
as N.sSA, which is devoted to the sophisticated acquisition 
and analysts of data, must play a much more vigorous role in 
the design and acquisition of data processing systems than has 
been its practice in the past. 

These findings are supported by the recommendations 
independently arrived at by the Space Science Board of the 
National Academy of Sciences/ 

from experience with mission opcraiiims on 
previous space missions, we anticipate that theie 
will be even grcaifr demands on data acquisition, 
prucessing, and storage; on mission coordination ; 
and on interaction with the spacecraft and scienti- 
lik experiments. Hie complex nature of mission 
operations and the long time scale lequited to pre- 
pare. certify, and transmit routine commands in 
previous missions indicates that substantial changes 
will be necessary. We believe that significant tech- 
nical and managerial advances must be r..ade in 
anticipation of future planetary missions. In order 
to provide reliable, mure efticient, and lowei cost 
sy stems for operation of the spacecraft and scien- 
tific instruments. 

The testing of these systems on the ground as 
operational units including the participation of 
science teams should be carried out well before the 
mission. Tliese tests should include the operation 
with possible failure modes. These approaches will 
he more important In the future when extensive 
coordination must he obtained by use of more 
Intelligent or autonomous control systems. 'Die 


*St'<ilri:s- Jiir Exploration of the Inner Ptanett: 1977-1987, Com- 
niilU-c on i’lanctary and Lunar l-'vplcration. Spate Scicntc Board. 
Assembly of Matlu-tnalical and Physical Sciences. National Research 
Ciiunsil. National Academy of ScKnces. Washington, D.C., 1978. 


ct.iuce of onboard preprocesung versus earth-based 
picK'essing and the utility of block telemetry for- 
mating and distributive data handling and contiul 
subsystems will require assessment. In the past, 
computing facilities and command and data- 
prucessrng software were nut always efllcient, and 
early attention was nut given to overall system 
design in laying out missions. Further, experience 
with past and current spacellight missions has 
shown that complicated systems with higher levels 
of intelligence are difficult to handle wiihuut 
substantial experience. 

We are apprehensive about recommending that 
radical new approaches be utilized without further 
study: nonetheless, it appears that some significant 
changes must be considered. Kecogniiing that mis- 
sion operations is the key to the success of ,</ 
complicated undertaking, sve therefore recommend 
that an assessment of mission operatums, including 
spacecraft control and ulenti/lc instrument and 
ujta management and the design and management 
of software control systems, he studied by the 
Agency at the earliest possible time and the evalua- 
tion be presented to the Committee. 

The Federal Data Processing Reorganization Project has 
indicated serious failings in virtually all government agencies 
in the utilization of modern computer technology. Wlule the 
National Science Foundation and the Advanced Research 
Project Agency (ARl’.A) of the Department of Defense con- 
tinue to support some work in machine intelligence and 
robotics, this work, especially that supported by .\RPA, is 
becoming mote and mote mission-oriented. The amount of 
fundamental research supported by these agencies in machine 
intelligence and robotics is quite small. Because of its mission, 
N.ASA is uniquely suitable as the lead civilian agency in the 
federal government for the development of frontier technology 
in computer science, machine intelligence, and robotics. 
N.ASA’s general engineering competence and ability to carry 
out complex missions is widely noted and admired. These are 
just the capabilities needed by any federal agency dcsigna'ed 
to develop these Helds. Although we are hardly experts on 
federal budgetary deliberations, it seems to us possible that 
incremental funds miglu be made available to NA.SA, over and 
above the usual NASA budget, if NASA were to make a com- 
pelling case fur becoming the lead agency in the development 
of frontier technology in computer science and applications. 
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TIk‘ IviHrl'uiil impjv'i of tu^ii a ticp foi llic indiuitial econumy , 
foi oihci ItijtK'litft of (ovciniiKiii, for the public well-being, 
jiitl litr N'ASA't own fuiuie ellcciivencti in an era of iiglii 
biitl|;-:it II likely to be tiibtlanlijl 

We here itale our overall concluuont and recoinmenda- 
litHii. The complete report with iup|H>rtin| diwuinentation 
leading to theie concluiioni and lecomiiKndaiiuiit will l>e 
publulied ^paratcly, 

A. CONCLUSIONS 

Concluuini I. ii 3 lo IS ycun MiinJ the ItaJing edge 

hi cumpuur u ience and lei hmthtgy. 

iheie are tome exanip'it of excellence, but in geiieial 
we find N'ASA'i uve of computer technology diiappointing. 
\ ASA mitallationi itill employ punched-card baved batch 
pioceiving and obvolete machine language!. There ii no 
NASA nationwide computer network and no widespread 
tirne-duMng u%e of computeri /Although A'lking was a 
brilliant technological success, given its design litnilaiions. 
Viking's use of robotics technologv and in uiii piograrn- 
ming was rudimeniaiy. Tlicse techniques must be greatly 
advanced for the complex missions of the future, both 
planetary and harth orbital. Most Farth-satellite and much 
planetary exploration imaging data remains tinanaly/ed 
because of the absence of automated systems capable of 
peilorining content analyses. Fven missions being planned 
for the l^lKOs are being designed almost exclusively for 
traditional data collection with little apparent provision 
being made for automated extraction of content infor- 
mation. 

Conclution 2. Ti'clwidogy dechions arc, to much too great a 
degree, dictated by tpeciflc mission goats, powcrjully impeding 
\ASA utilization of modern computer science and technologv. 
Unlike its pioneering work in other areas of science and tech- 
nology, 's use of computer science and machine intelli- 

gence has been consen ative and unimaginative. 

Strict funding limitations and an understandable aversion 
to mission failure cause mission directois to settle for 
proven but obsolete and. ironically, often very expensive 
technologies and systems. /As machine intelligence ai.d 
robotics continue to advance outside of NAS/A. the conse- 
quences of these traditions for higlier cost and less efficient 
data return and analysis become mote glaring. The inertial 
fixation on 1 5-year-old technologies, including slow pro- 
cessors .iiid very limited memories, strongly inhibit N/AS.A 


contact with and validation of advanced niachuie intelli- 
gence techniques. I light niuiicoinputer memories are typ- 
K'ally at I6.0U0 or 2I.U00 words, enormously restricting 
options llor example, a very large tiumber of scientific 
taigets on Jupiter and the (iahlean satellites, which otliet- 
wise could be acquired, had to be abandoned because of 
the memory limitations ol the Voyager onboard computer.) 
Dut million byie iiicmories are now routinely employed and. 
once space-qualified, could provide enormous flexibility. 

Hecause of the hmg lead times in the planning cycle, many 
decisions relating to computers are made five to seven years 
before launch. Often, the computer technology involved is 
badly obsolete at the time hardware is frozen. Turther. no 
deliberate effort is made lo provide tlexibihty for software 
developments in the long time interval before mission 
operations. (Uplinking mission piograms after launch is a 
small but signiricatii step m the right direction.) 

Conclusion J. The overall importance of machine intelligence 
and robotics for .A'.-J.V-) has not been widely appreiiated 
within the agency, and .A'.I.V.) has made no u nous ejjort to 
attract bright, young scUntists in these fields 

In |d7S, |U7‘). the Space Sy stems and Technology /Advisory 
(.'omniittee of the N.AS.A .Advistuy CounwiI had 40 niem- 
bers. N'oi one wav a computer scientist, although two had 
peripherally lelaled mieresis. I ew. if any, of the best com- 
puter science IMil)> fruni the leading academic mstituiiotis 
in the field work for N/AS.A. There is a looped causality 
with .VAS.A's general backwardness in computer science 
(Conclusion 1 1 An iiiipiovement of the quality of computer 
science at N'.ASA cannot be accomplished without high 
quality professionals, but such professionals cannot be 
attracted without up-to-date facilities and the mandate to 
work 31 the leading edge of the field. 

The problems summarized in Conclusions I and 3 cannot 
be solved separately. 


Conclusion 4. Vie adtaners and deiclopmcnts in machine 
intelligence and robotics needed to make future space missi >ns 
economical and feasible will not happen without a major long- 
term commitment and centralized, cooidinatcd support. 

A summary of various planned future space missions and 
an estimate o*" technology development efforts needed to 
autonia'e their system functions is given in the /Appendix. 
Without these automatic sy stem functions, many of the 
missions will not be economically and/or technologically 
feasible. 
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B. RECOMMENDATIONS 

RrritnmtuJatton I. \ASA ihouU tJopt a pttUcy of ngitntui 
*nJ Imaginauvt rrteanh th comput r icietu'e, nm hhif tiitflU- 
genet and rt>tnthci in iupport of brood .V^S.4 obftctieei. 

Tfu problemi lumtnari/ed In lh« prrcetimg lut uf conclv 
Moni h]v« uiluliunt. They rcqiiiie tnuii of all an awareneti 
ilial the problem* exiil and a commilment of reaouicet to 
tulve them. Table 4-1 givet the published RAD bujgeti of 
the seven largest computer corporations in the United 
States. In all cases, the total KAI) spending is greater than 
40' e of total profits. The advanced RAD budget would he 
only a fraction uf this amount. Leading corporations in 
computer Kience and technology characteristically spend 
5 percent uf gross earnings on relevant research and devel* 
upmenl. Tlie same percentage of NASA’s annual expends 
ture in computer-related activities would suggest an annual 
NASA budget fur research in computer science, machine 
intelligence, and robotics approaching one hundred million 
dollars. An expenditure uf ha'f that would equal the com- 
bined annual budget for tins field for ARI'A and the 
National Science Foundation. If NASA were selected as 
lead agency (or lead civilian agency I for federal research 
and development in computer science and technology, 
such amounts might nut be at all impractical. Any signifi- 
cant expenditures should have detectable benefits in three 
to five years, and very dramatic improvements in NASA 
programs in 10 years. If NASA Mere to play such a lead 
agency role, one of its responsibilities would be to study 
the long-term implications fur individuals and for society uf 
major advances in machine intelligence and robotics. 

Recommendation 2. .V.4S.4 should introduce advanced com- 
puter science technologs' to its t'.arth orbital and planetary 


missions, and thmdd emphasize rescan, h programs with a 
multimisshtn focus. 

A balance is needed on board NASA spacecraft between 
distributed mkri>priKCuors and a centralized computer 
Although function-directed distribution of priKessors 
might be useful, such architectures should nut preclude the 
use of these computing resources fur unanticipated needs 
Distributed computer concep's emphasizing “fail-soft** 
performance should rcceoe increased attention. Fur exam- 
ple, in the case of failure of a computer chip or a unit, a 
long-term goal is to effect migration uf the prugratn and 
data to other working parts uf the systems. Such fail-soft 
systems require mnovative architectures yet to be devel- 
oped. Dynamically reconflgurable processors Wi.h large 
redundancy are badly needed in NASA. 

NASA relies on 25o-b:t computer memory chips; 16, (XX) 
bit and 64.000 bit chips are currently available. A million- 
bit chip IS expected to be available within a few years. Tlie 
cost of space-qualification of computer hardware may be 
very high, but the possibility exists that high information- 
density chips may alieady work acceptably in the space 
environment. IVe recommend that NASA perform space 
qualification tests on the Shuttle of multiple batches uf 
existing microptiKessois and memory chips. 

Tliese two examples uf de-elupmeiits in computer Kience 
and technology will have applications to nan) .NASA mis- 
sions. Wc also recommend a transitional peiiod in space- 
craft computet system design in which < isting minipru- 
cessors and new microprocessors are both utilized, the 
former as a cunscivative guarantor uf reliability, the latter 
as an aperture to the future. 


Table 4-1, R&D of the Big Seven Computer Companies 


Company 

1977 Sa'M 
m milti- IS 
of do' ' s 

IV77 Prorni 
In miUioni 
of dollari 


R&DEXPINSL 


Actual 
In millions 
of doliari 

Ai a percent 
of Sales 

At a percent 
of Profits 

Cost of 
(mployeet 

IbM 

I* 33 

2.719 

1.142 

6.3 

12 

3682 

Sperry Rand 

3.270 

157 

168 

5.1 

197 

1965 

Honey weU 

2,911 

134 

152 

5.2 

113 


SCR 

2.522 

144 

118 

4.7 

82 

1845 

Burrov;;hs 

2.901 

215 

122 

5.9 

57 

2386 

Control Data 

1,493 

62 

73 

4.9 

117 

1592 

Digital Kqpl 

1.059 

109 

80 

7.5 

74 

2218 

Cumpusitc 

33.764 

3.700 

1.995 

5.9 

43 

2752 
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III pljiictury i-xploijiiun, . it is dear ... tiui mote 
jJvjiK'cd muMon techniques iiul inslruincntation are 
lequireJ to fulfill the science strategy and achieve the 
iihjcciivcs . . ." of iniensivc study of a planet.' Surface 
love'j and retuin-sample missions will be rcqu.red to meet 
the science goals for Mars, the Galilean satellites of Jupiter. 
Iitan. and {HMliaps Venus, as well as for investigation of 
such specific locations on the lunar surface as putative 
volatile-ri :h deposits at (lermunently shaded rep'ons of the 
poles. With the exception of the Lunakhod and other 
I una class missions of the Soviet Union, there is little 
experience with such systems. Because of the long lead 
limes and the complex nature of rover missions, they pro- 
vide an ideal testing ground for the implementation of the 
multimtssion focus of aorne of our recommendations. 

I 

RecimnienJation 3 Minion oh/ecrives should hr designed 
Jlcxihly to take advantage of existing and likely fkHtre tech- 
m ilogieal oppt irtuni tics. 

Hardware should be designed to exploit state-of-the-art 
software and likely near-future software developments. 
Adoption of this recommendation implies a careful re- 
examination of missions currently m the planning stages. 
This recommendation applies not only to spacecraft systems 
but to ground-based computer systems as well. The man/ 
machine interface, both in .Shuttle systems and in mission 
operations ground equipment. ha« not. in our opinion, 
been optirni 2 ed. In routine mission operations, particularly 
in mission crisis management there is a severe short-term 
competition for human attention and intellectual resources. 
Hie problem is a combinatorial one. requiring systematic 
and exhaustive fai>'ure-mode ana'ysis, wliich can be opti- 
mally provided by computer systems, via a probability 
analysis, analogous to existing computer programs in medi- 
cal diagnosis. In addition to their value in crisis manage- 
ment. such computer systems will lead to the optimization 
of subsequent missions. 

Recommendation 4. A'/li'/l should adopt the following plan 
of action: 

(a) Establish a focus for computer science and technulogv 
at AVI 5/4 Headquarters for coordinating Rd.D activities. 

The pace of advance in computer science and tech- 
nology is so great that even experts in the field bast 
difficulty keeping up with advances and fully utilizing 
them. The problem is. of course, much more severe for 
those who arc not experts in the field. By establishing 

p. .19. 


a program in computer science', NASA can ensure that 
there is a rapid transfer of new technology to NASA 
programs. Space exploration offers a unique environ- 
ment in which to develop and test advanced concepts 
in this discipline. 

Tliis leads to the following specific recommendation: 
NASA should consider Computet Science and Tech- 
nology sufficiently vital to its goals to treat the subject 
as an independent area of study. The si^mcific conccnis 
of this field, enumerated below , should become research 
and technology issues within N.AS.A on the same basis 
as propulsion technology, materials science, planetary 
science, atmospheric physics, etc. This means the 
creation of a discipline office fur computer science 
with interests in the major subdisciplines of the field 
and with appropriate contacts within NASA. A suitable 
budget and program of research and technology grants 
and contracts would provide the focus in this field the 
Study Group has found lacking in NASA. On the one 
hand, it would help make the outstanding workers in 
the field aware of and interested in serving N.ASA's 
needs. Graduate students paiticipatinii in such a 
research program would become a source of future 
employees at NAS.A centers and contractors. On the 
other hand, it would provide NASA Headquarters 
with a better awareness of the potential contributions 
of computer science to its programs. To be effective, 
the initial operating budget of such a program should 
not be below 10 million dollars a year, with a long-term 
commitment for at least a constant level of funding in 
real di'Mars. 

Most of the fundamental research under such a program 
would be carried out at universities and at appropriate 
.N.ASA centers. Collaboration with industry should be 
encouraged to expedite technology transfer. To meet 
the emerging mission requirements, parallel advanced 
development programs within all of N.ASA's mission 
offices are required. 

Follow'ing is a list of problem areas that should set 
some goals for both the basic science research program 
and the advanced development effort: 

• Smart sensing; automated content analysis; stereo 
mapping for eventual Earth and planetary applica- 
tions. 

• Manipulator design, particularly for autonomous 
use. including structures and effectors, force and 
touch detectors. 
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• Control und f'-edback lyiteim, particulaily (hose 
iclevani to manipulation and teleoperator develop- 
ment. 

• Spacecraft cr^tii analysis systems. 

• IxKomulion systems, particularly M||gf#HconM(ion 
fur difficult terrain. 

• Attempts at space qualification of multiple batokef 
of existing microprocessors and memory chips. 

• Preliminary studies of automatic and teleoperator 
assembly of large structures for F.arth orbital, lunar, 
and asteroidal environments. 

• Vision systems, particularly for use in loromotion 
and automated assembly. 

• Control and reasoning systems, particularly m 
support of lunar and planetary rovers. 

• Computer architectures for space systems. 

• Software tools for space system development. 

' j • Ai-^rithm analysis for critical space-related 

pi .MS. 

• Computer networks and computer-aided telecon- 
ferencing. (See paragraph (d) below.) 

The current university-based support from NSF and 
ARPA in computer science and machine intelligence 
is about IS million dollars each annually. The level of 
university funding recommended here would be larger 
by about 30 percent, allowing NASA to compete effec- 
tively for the best talent and ideas. Parallel programs 
conducted by NASA program offices, which would be 
based strongly at NASA centers and industry, would 
approximately double the suppo-i requirement. The 
total support might eventually approach the 100 mil- 
lion dollar level, if NASA were seriously to pursue a 
broad program of research in computer science. 

(b) Augment the advisory structure of NASA by adding 
computer scientists to implement the foregoing 
recommendations. 

NASA is far enough behind the leading edge of the 
computer science field that major improvements in 
its operations can be made imipediately using e.'.isting 



computer science systems and techniques such as 
modera data abstraction languages, time sharing, inte- 
grated program development environments, and larger 
virtual memory computers (especially for onboard 
processing). Such general improvements in sophistica- 
tion are almost a prerequisite for a later utilization of 
machine intelligence and robotics in NASA activities. 
Hie advisory organizations should help plan and 
coordinate NASA's effort in the field and establish 
contacts with the centers of computi^cience research. 

(c) Because of the connection of the Defense Mapping 
Agency's (DMA) Pilot Digital Operations Project with 
NASA interests. A'.-l.S/l should maintain appropriate 
liaison. 

DMA has studied the advanced techniques ‘n computer 
science with m emphasis on machine intelligence. 
Tliere may be a strong relationship between many 
DMA concerns and related issues in NASA, particu- 
larly in scene analysis and understanding, large data- 
base management, and information retrieval. An 
evaluation by NAS.X of the DMA planning process 
associated with the DMA Pilot Digital Operations 
Project should aid in estimating the costs of NASA's 
development in this field. 


(d) should form a task group to e.xamine the 

desirability, feasibility, and genet il specification of an 
alldigital, texthandling, intelligent communication 
system, 

A significant amount of NASA's budget is spent in 
the transfer of information among a very complex, 
geographically and institutionally disparate >et of 
groups that need to exchange messages, ideas, require- 
ments, and documents quickly to keep inforr.ied, plan 
activities, and arrive at decisions. 

Based on a rough estimate, we predict that such an 
all-digital network would lead to significant improve- 
ments over the present method of ca. tying out these 
functions. In addition to the cost savings, there would 
be improvements in performance, vlthough it would 
not eliminate the use of paper and meetings as a means 
of communication, it would sa'e tons of paper and 
millions of man-miles of energy consuming travel. Tliis 
system would facilitate and improve the participation 
of scientists in all phases of irfissions as well as enhance 
their ability to extract the most value from postmission 
data analysis. 
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llic impicincnuliun uf such a system would not be 
picdicaled on new developments in artincial intelli* 
pence, but on the tools that are in common use at 
artificial intelligence nodes of the AKPA network and 
are part of the developing technology of digital infor- 
mation and word p ocessing. If such a development 
were carried out, it would provide the data base for 
ssiphisticated techniques, as they become available, 
for information retrieval, semantic search, and decision 


making: and a model for other public and private 
organizations, scientific, technological, and industrial. 


The task group to investigate this development should 
include elements of NASA management, mission plan- 
ning and operations, scientific investigators, and 
information scientists, as well as specialists in artificial 
intelligenc-r. 
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Appendix 

An Overview of Applications of Machine Intelligence 
and Robotics in the Space Program* 


Introduction 

The space program is at (he ihresliold of a new era that may 
be distinguished by a highly capable space transportation sys- 
tem. In the I'^bOs. the Space Shuttle and its adjuncts will en- 
able increased activities in the scientific exploration of the 
universe and a broadened approach to global service undertak- 
ings III space. The first steps toward utilizing the space environ- 
nient for industrial and commercial ventures will become 
possible and can (rigger requirements for more advanced space 
transportation systems in the IMWs. This will enable expanded 
space industrial activit.es and. by the end of this ceniuiy. could 
lead to Satellite I’osser Systems for solar energy pioduction. 
to lunar or asteroidal bases for extracting and proce> ing 
maieiial lesources. and to manned space stations for com- 
mercial pfuccssing and manufacturing in space. A major objec- 
tive for NASA is to develop the enabling lechnology and to 
reduce the costs for operating such large-scale systems during 
the next two decades. On examining potential NASA missions 
in this time frame we expect that machine intelligence and 
robotics technology will be a vital contributor to the cost- 
effectisc implementation and operation of the required rvs- 
tems. In some areas, it will make the system feasible, not only 
for technological reasons, but also in terms of commercial 
acceptability and affordability. 

During the next two decades, the space progratn will shift 
at least some empliasis from exploration to utilization of the 
ipacc environment. It is expected that this shift will be accom- 
panied by a large increase in requirements for ssstein opera- 
tions in space and on the ground, calling for general-purpose 
automation (robotics) and specialized automation. \Miat 
operations, tasks, and funettons must be automated, and to 
what degree, to accomplish the NAS.A objectives with the 
most cost-effective systems? 

Robots and Automation 
in NASA Planning 

NMiereas mechanical power provides ph>sical amplifi. ati.m 
and computers provide intellectual amplification, telecuin- 
iniinication provides amplifii.aiion of the space accessible to 

*1 scerptul iroin .Vrw Luster for Space Robots and .iiitomatioii, hy 
1 . Heir, .\sironauties & Aeronautics. September 1978. 


humans. B> means of telecommunication, humans can activate 
and control systems at remote places. They can perform tasks 
even as far away as the planets. During the l‘)(>0s. this became 
known as teleoperation Teleoperators are man-machine 
systems that augment and extend human sensory, manipu- 
lative. and cognitive abilities to remote places In this context, 
the term robot can then be applied to the remote system of a 
teleoperator. if it has at least some degree of autonomous 
sensing, decision-making, and/or action capability. The con- 
cept of teleoperation has profound significance in the space 
program. Because of the large distances involved, almost all 
space missions fall within the teleoperator definition; and. 
because of the resultant communication delay for many 
missions, the lemote system requires autonomous capabilities 
for effective operation The savings of operations lime for 
deep space missions can become tremendous, if the remote 
system is able to accomplish its tasks with minimum ground 
support, for example, it has been estimated that a .Mars roving 
vehicle would be operative only 4 percent of the time in a 
so-called move-and-wait mode ot operation. With adequate 
robot lechnology . it should be operative at least fiO percent of 
the lime. 

NASA saw the need to examine tlic civilian role of the U S. 
space program during the last qaarter of this century . A senes 
of planning studies and workshops was initiated with the Out- 
look for Space Study in 1974. which included a cottipiehen- 
sive forecast of space technology for |9SO-?000. In a subse- 
quent N.AS.V OAST Space Theme Workshop, the technology 
fc ecasts were applied to three broad mission themes: space 
exploration, global services, and space industrialization. Based 
on tlic derived requirements for cosi-elTective space mission 
operations, live new directions were identified for develop- 
ments in computer systems, machine intelligence and robotics: 
( I ) automated operations aimed at a tenfold reduction in 
mission support costs; (2) precision pointing and control, 
(3) efficient data acquisition to permit a tenfold increase in 
ll•/orlnation collection needed for global coverage; (4) real-time 
data management; and (5) low-cost data distribution to allow 
a thousand fold increase in information availability and 
space-systems effectiveness. The machine intelligence and 
automation technologies for data acquisition, data processing, 
information extraction, ard decision making emerge here as 
the major drivers in each area and call for their systematic 
development. In addition, for C'’rtain areas such as automated 
operations in sjrace, the mechanical technologies directed at 


A-1 


730 - 51 


muiciiuls and ohji'ctt acquitilion, handlinK, and assembly 
must also he furilicr developed; robots doing construction 
wotk III liartli orbit or on the lunar surface will need manipu- 
lative and locomotion devices to perform the necessary trans- 
port and handling operations. 

Future Applications 

In space applications, robots may take on many forms. 
None looks like the popular science fiction conception of a 
mechanical man. Their appearance follows strictly functional 
lines, satisfying the requirements of the mission objectives to 
be accomplished. Tlie discussion which follows brietly presents 
missMn categories, mission objectives, and system character- 
istics pertinent to space robot and automation technology. 
Estimates of technology development efforts to automate 
system functions are given in Table A-l . 

A. Space Expioration 

Space exploration robots may he exploring space from 
Earth orbit as orbiting telescopes, or they may be planetary 
flyby and/or orbiting spacecraft like the Mariner and Pioneer 
families. They may be stationary landers with or without 
manipulators like the Surveyor and the Viking spacecraft, or 
they may be wheeled like the Lunakhod and the proposed 
Mars rovers. Others may he penetrators, Hyers. or balloons, 
and some may bring science samples back to Earth (Figures 
A-l - A-3). All can acquire scientific and engineering data 



FIgur* A-1. Oalilte spactcraft navigalts batwaan Jupitar and Oalilaan 
satalliiai in randaring. Ahar sanding a proba into tha Jovian 
almosphara, tha robot tpacaeraft will parform comptax 
manauvars at various inclinations with rapaatad elosa 
ancountars with tha satallitas. 



1000 km parlormiisg axpanmants automatically artd sand- 
ing tha Kiantifie information back to Earth. 
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Figura A.3. Artist's concapt of a Mars surfaca sciantifie proeassing and 
sampla raturn facility. Airplanes transport samplas into tha 
vicinity of tha processing station. Tatnarad small rovars 
than bring tha samples to tha station for appropriate 
analysis and raturn to Earth. 
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Tabl« A-1. EttimaUi of tha ttchnology dtvtfopmt nt tffortt to 
automata lyttam functions 


ISTlA^^nS O# TICHNOiOGV MVllO^Nt CMO«rS TO AUTQMATI tVSTlM fUNCTiONS 


tN>|QAtO t»ACtCU>t 


cnuTtCNt 




iVtTfM 

FUNCTIONS 


MISSION 

CATIOOAlfS 


<&>UNftAtYStAtlON<^| 


||> MQSTtir lATfUiTt 


MONtTCI'lWOl 


St>V|Y tfSJl 


ISfACC HUltH 6n{ SYSUM 


HSO» NQCtSS 6 »~"^r »^1 


,f SVSTIM 


i VtHiqU UtTH QUIT 


\fkzi STATION 


ISATtuifT^CwU SySUm 


HiTAt TfcANSfU V(Higi 


IHIQH tMSQY OtV 


l^ltCttTY UVNCH VtHlCU 


[HtAVY«iiyT LAUNCH VThiCU 


fcCVt THI automation Of TH( lOCNTifilD SVSTCM FUNCTIONS KfOUHIS 

/ INTCGRATION Of IXISTING TICHNOIOGV g MAJOR TtCHNClOGY OCVtlOfMINTS 

X MOOIRATI AOOlTlONAl DCVIIORMINTS ■ MAJOR flCMNOlOGV DlYflOfMlNTS WITH UNCCRTAIN OUTCOMC. 

IXTINSIVI TICHNOiOGV OI/IiORMlNT$ NOTIi I*..: * *NT*Y tlRRISlNTS TMl RILATiVl COlilCTIVl ifVft Of IffORT TO 

. CCOmRUSh ThI fuNCTlON fOR ThI MISSIONS aS DISCRUID IN ThI 
NASA OAST SRACI SYSTCmS TICHNOiOGV MOOli. 32 MARCH IR7R. 


0 THI LUNAR ROVIRS Of THIS RROGRAM WCl II OfVllOflO WITH |N-Sf Ad HANDLING 

CARAIIIITIIS AND WILL SUffORT TH| LUNAR RRICURSOR fSOCISSOI <IRS0) AND Th{ LUNAR USI (1991), 
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iiMiig ihcir Knsiiri, prcK’CU the data with their computeri, plat, 
and make deciu«mt, and tend tome of the data back to Earth. 
Soinc roboit are in addition able to propel ihemtelvet tafely to 
dilfcreni placet and to ute acluatort, manipulatort and loolt 
to acquire tamplet, prepare them, experiment In tilu with 
them or bring them back to Earth. 

Exploratoiy robott are required to tend back mutt of the 
collected tcienlific data, unlett they become repetitive. The 
unknown tpace environment accettible to the tentort !t trant- 
lated into a different, ttill uninterpreted environment, in the 
form of computer data bankt on Earth. Thete data bankt are 
then accessible for scientific investigation long after the tpace 
mission it over. 

Projections into the future lead one to speculate on the 
possibility of highly autonomous exploratory robott in space. 
Such exploratory robots would communicate to Earth only 
when contacted or when a significant event occurs and requires 
immediate attention on Earth. Otherwise, they would collect 
the data, make appropriate decisions, archive them, a"d store 
them on board The robots would serve as a data bank, and 
their computers would be remotely operated by accessing and 
programming them from Earth whenever the communication 
link to the robot spacecraft is open. Scientists would be able 
to interact with the robot by remote terminal. Indeed, the 
concept of distributed computer systems, presently under 
investigation in many places, could provide to each instrument 
its own microcomputer, and scientists could communicate 
with their respective »r i aments. They could perform special 
data processing on board and request the data to be communi* 
cated to them in the form desired. Alternatively, they could 
retrieve particular segments of raw data and perform the 
required manipulations in their own facilities on Earth. 

Prime elements in this link between scientists and distant 
exploratory robots would be large antenna relay stations in 
geosynchronous orbit. These stations would also provide data 
handling and aichiving services, especially for inaccessible 
exploratory robots, c.g., those leaving the solar system. 


B. Global Services 

Global service robots orbit the Earth. They differ .“’roM 
exploratory robots primarily in the intended application of the 
collected data. They collect data for public service use on soil 
conditions, sea states, global crop conditions, weather, geology, 
disasters, etc. These robots generally acquire and process an 
immense amount of data. However, only a fraction of the data 


IS of interest to the ultimate user At the ume time, the user 
often likes to have the information shortly after it has been 
obtained by the spacecraft. For instance, the value of weather 
information is short-lived except fur possible historical reasons 
The value of information of disasters such as forest fires is of 
comparably short duration. The demand fur high-volume 
on-board data processing and pertinent automated information 
extraction is therefore great. 

The usual purpose of global service robots is to collect 
time-dependent data in the Earth’s environment, whose static 
properties are well-known. The d;\ta are used to determine 
specific patterns or classes of chaiacteristics and translate 
these into useful information. Fur uistance, for Landsat 
and Seasat (Figure A4), the data are currently sent to the 
ground, where they are processed, reduced, annotated, analy- 
zed, and distributed to the user. This process requires up to 



Figur* A-4. Stitat. Th« ocaanogrtphie Mtallita'i high-data-rata Synlha- 
tic Apartura Radar imaging davica has provided data on 
ocean waves, coastal regions, and saa ice. 
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•* Kii-iitht for • fully procetted uielliic image and coitt leveral 
iliouund dollari. Tti« image must then be inicrpreied by ilie 
leu'iver; i e., th; infurmatiun muit still be extracted by the 

UU'I, 

I’icsent develupments in artificial intelligence, machine 
intelligence and ruboiici suggest that, in the future, the ground- 
bau'd data processing and information extraction functions 
will he performed on board the robot spacecraft. Only the 
useful infurmatiun would be sent to the ground and distributed 
to the users, while must of the collected data could be dis- 
carded immediately. This would require the robot to be able 
to decide what data must be retained and how they were to 
be pru<:essed to provide the user with the desired information. 
For instance, the robot could have a large number of pattern 
classification templates stored in its memory or introduced 
by a user with a particular purpose in mind. These templates 
would represent the characteristics of objects and/or features 
of interest. The computer would compare the scanned pat- 
terns with those stored m its memory. As soon as something of 
interest appeared, it would examine it with higher resoluiion, 
comparing it to a progressively narrower class of templates 
until recognition had been established to a sulficient degree of 
confidence. Tlie robot would then contact the appropriate 
ground station and report its findings and, if required, provide 
the user with an annotated printout or image. The user would 
be able to interact with the robot, indeed with his particular 
instrument, by remote terminal much the same as with a cen- 
iral computer and, depending on intermediate results, modify 
subsequent processing. 

For space exploration and global services, the ground- 
based mission operations can become extremely complex. A 
recent example of a planetary exploration mission, and perhaps 
the most complex to d.ite, is Viking. At times there were 
several hundred people involved in science data analysis, 
mission planning, spacecraft monitoring, command sequence 
generation, data archiving, data distribution, and simulation. 
Although for earlier space missions sequencing had been deter- 
mined in advance, on Viking this was done adaptively during 
the mission. The operational system was designed so that 
major changes in the mission needed to be defined about 
16 days before the spacecraft activity. Minor changes could be 
made as late as 12 hours before sending a command. The turn- 
around time of about 16 days and the number of people 
involved contributes, of course, to sharply increased opera- 
tional costs. The Viking operations costs (Figure 2-1) are for a 
3-moiith mission. The planned Mars surface rover missio,' is 
expected to last 2 years, covering many new sites on the Mai 
tian surface. Considering that this mission would be more 
complex and eight times as long, ground operations would have 
to be at least ten times as efficient to stay within, or close to, 
the same relative costs as for Viking. 


During the Viking miuion, about 75.000 reels of image 
data tapes were collected and stored in many separate loca- 
tions The images are now identiliable only by tlie time when 
and the location where they were taken. No indication regard- 
ing image infurniaiion content it provided, and the user will 
have to scan catalogs of pictures to find what he or she wants. 
Fur such reasons, it tt expected that mutt of the data will nut 
be used again. 

The ground operations fur Farth orbital missions suffer 
from problems similar to those of planetary ’nistiont. The 
overall Jala stream it usually much higher fur Earth orbital 
missions, images are still very costly, and they take up to 
several months to reach the user. 

These considerations .trungly suggest that technology 
must be developed to that must ground operation activities 
can be performed at close as possible to the sensors where the 
data IS collected, namely by the robot in space, liowever, 
examining the various ground operations in detail, we con- 
clude that must of those that mutt remain on the ground could 
also be automated with advanced machine intelligence tech- 
niques. The expected benefits derived from this would be a 
cost reduction fur ground operations of at least an order of 
magnitude and up to three orders of magnitude for user-ready 
image information. 


C. utilization of Space Systems 

Space industrialization requires a broader spectrum of 
robotics and automation capabilities than those identified fur 
space exploration and global services. The multitude of sys- 
tems and widely varying activities envisioned in space until 
the end of this century will require the development of space 
robot and automation technology on a broad scale. It is here 
that lobot and automation technology will have its greatest 
economic impact. Tlie systems under consideration range from 
large antennas and processing and manufacturing stations m 
Earth orbit to lunar bases, to manned space stations, to 
satellite power systems of up to 100 km*. These systems ate 
not matched in size by anything on Earth. Their construction 
and subsequent maintenance will require technologies not yet 
in use for similar operations on Earth. 

Space processing requires a sophisticated technology. First 
it must be developed and perfected, and then it must be trans- 
ferred into the commercial arena. Basic types of processes 
currently envisioned include solidification of melts without 
convection or sedimentation, processing of molten samples 
without containers, diffusion in liquids and vapors, and electro- 
phoretic separation of biological substances. It is expected 
that specialized automated instrumentation will be developed 


A-5 


730-51 


'*4 i:y 

‘ 'U (v \f.| ry 

fut remut* conirol once t!ie parlicuhrt of these processes ate 
woiked out ard the pressure of commercial requirements 
becomes noticeable. 

Lartte-aiaj systems such as large space antennas, utellite 
power systems, and space stations require large-scale and 
complex construction facilities in space (Figures A-S and A-6). 



Fi«ur* A S. Larg* space svstamt require robot and automation tech- 
nology for /abrication, asaambly, and construction tat 
spaca. 



Figure A-6. Large space antennas are erected with the help of a 
space-based construction platform. The Shuttle brings the 
structural elements to the platform, where automatic 
manipul-tor modules under remote control perform the 
assembly. 


Relatively small systems, up to 100 m in extent, may be 
deployable and can be transported into orht with one Shuttle 
load. For intermediate systems of several hundred meters in 
extent, it becomes practical to shuttle the structural elements 
into space and assemble them on site (Figure A-7). 

Very large systems require heavy-lift launch vehicles which 
will bnng bulk material to a construction platform (Figure 
A-8), where the structural components are manufactured using 
specialized automated machines. 



Figure A-7. Construction of a space station, bulk material i< brought 
by the Shuttle. Structural elements are fabricated at the 
construction facility and then assembled hy remotely 
controlled manipulators. 



Figure A-8. Complea construction facility in space with automatic 
beam builders, cranes, manipulators, etc., is served by the 
Shuttle. 
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lli« tiruciural el(rm«nli cm be handled by leleuperaied 
•H M.‘ir-aciuaiin| cranes and manlpulaiurs whtch brin| the cum- 
P«iiicim into place and join them (Figure A-4). Free-flying 
ruhiits will lransp«)rt the structural entities between the Shuttle 
or ilte fabrication site and their Pinal desiiiution and connect 
them. These operations require a sophisticated general-purpose 
handling capability. In addition to transporting structural 
cleiiieiits. the robot must have manipulators to handle them, 
and work with them and on them. l^rg>; structural subsys- 
tems must be moved from place to place and attached to each 
other This usually requires rende/voiis, statiunkeeping. and 
ducking operations at several points simultaneously and with 
high precision - a problem area still not investigated fur zero 
gravity. Automated “smart" tools would also be required by 
astronauts to perform specialized local tasks. 

These robot systems could be controlled remotely as 
teleoperator devices, or they could be under supenisory 
contrnl with intermittent human operator mvolvement. Astro- 
nauts III space or human oper tors on Farth will need the tools 
to accomplish the envisioned programs. The technology fur 
in-space assembly and construction will provide the founda- 
tion for the development of these space-age tools. 

After the system has been constructed, its subsequent 
operation will requtte service functions that should be per- 
formed by free-tlying robots or by robots attached to the 
structure. The functions which such a robot should be able to 
perform include calibration, checkout, data retrieval, resupply. 



Fifur* A-9. Spac* eonitruetion of larpa antenna tyilami with auto- 
mated tool*, talaoparatao manipulators, and (raaflying 
robots. 


maintenance, repair, replacement of parts, cargo and crew 
transfer, and recovery of spacecraft. 

During and after construction, there should be a robot on 
standby for rescue operations. An astronaut driftitig into space 
could be brouglit back by a free-flying robot. Such devices 
could also be on stand-by alert on the ground. The delivery 
systems for these rescue robots need not be rnan-rated. They 
can deliver expendable life support systems or encapsulate the 
astronaut tn a life support environment for return to a shuttle, 
space station, or Farth. They could also perform flrst-aid 
functions. 

Another phase of space industriali/.ation calls for a lunar 
or asteroidal base. After a surface site survey with robot (rover) 
vehicles, an autumaied precursor processor system could be 
placed on the Moon or the asteroid. This system would collect 
solar energy and use it in experimental, automated phyucal/ 
chemical processes for extracting volatiles, oxygen, metals, 
and glass from lunar soil delivered by automated rovers (Fig- 
ure A-l I ). The products would be stored, slowly building up 
stockpiles in preparation for construction. Hie lunar or 
asteroidal base would be built using automated equipment and 
robots as in Farth orbit. After construction, general-purpose 
robot devices would be necessary for maintenance and repair 
operations In addition, the base would use industrial automa- 
tion (qualitied for operation in space) or a sort generally 
similar to those employed on Farth for similar tasks. 



FigurfA-10. Automited mattnal proeniort un tl«t lunar lurfaea ara 
Mrviead by robot v?hiclai with raw lunar soil. 
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